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Mechanismα-Hordothionin (αHTH) belongs to thionins, the plant antimicrobial peptides with membrane-permeabilizing
activity which is associated with broad-range antimicrobial activity. Experimental data have revealed a
phospholipid-binding site and indicated formation of ion channels as well as membrane disruption activity of
thionin. However, the mechanism of membrane permeabilization by thionin remained unknown. Here it is
shown that thionin is a small water-selective channel. Unbiased high-precision molecular modeling revealed
formation of a water-selective pore running through theαHTH doubleα-helix core when the peptide interacted
with anions. Anion-induced unfolding of the C-end of theα2-helix opened a pore mouth. The pore started at the
α2C-end between the hydrophilic and the hydrophobic regions of the peptide surface and ended in themiddle of
the unique hydrophobic region at the C-end of the α1-helix. Highly conserved residues including cysteines and
tyrosine lined theporewalls. A largepositive electrostaticpotential accumulated inside thepore. Thenarrowpore
was, nonetheless, sufﬁcient to accommodate at least one water molecule along the channel except for two
constriction sites. Both constriction sites were formed by residues participating in the phospholipid-binding site.
The channel properties resembled that of aquaporins with two selectivity ﬁlters, one at the entrance, inside the
α2 C-end cavity, and a second in the middle of the channel. It is proposed that theαHTHwater channel delivers
water molecules to the bilayer center that leads to local membrane disruption. The proposed mechanism of
membrane permeabilization by thionins explains seemingly controversial experimental data.70803, USA. Tel.: +1 225 578
B.V.Published by Elsevier B.V.1. Introduction
Antimicrobial peptides are important components of non-speciﬁc
host defense systems and innate immunity in insects, amphibians, plants,
and mammals [1–5]. However, many antimicrobial peptides exhibit
antibacterial activity, but have little to no antifungal activity [1,5–7]. In
contrast, thionins, a family of highly basic plant antimicrobial peptides,
have broad spectrum antibacterial and antifungal activities [8–10].
Microbial growth inhibition mechanisms of linear peptides and thionins
employ interactions with phospholipids to cause membrane instability
[11–14]. Fungal or bacterial growth inhibition correlateswithmembrane
permeabilizing activity for both linear amphipathic antimicrobial
peptides and thionins [7,15,16]. This evidence indicates that membrane
permeabilizing activity is very important for inhibiting growth of
microorganisms. While several hypotheses have been proposed
[8,10,14], the mechanism of membrane permeabilization by thionins
remains to be solved.
Wheat endosperm contains several purothionins among which β-
purothionin (βPTH) is one of the most studied [10,15,17,18]. Barley
contains several hordothionins with α-hordothionin (αHTH) [19]
sharing 82% homology with βPTH. Secondary structure of thionins is
conserved and consists of a β-sheet and an antiparallel doubleα-helixcore bound by four disulﬁde bridges [20,21]. Crystallographic data
indicate the presence of the phospholipid-binding site in the groove
formed by the arm and stem at the inner corner of the global Γ fold of
thionins (see Fig. S1 in the Supplementary data) [10,18,22]. The main
contributors of the phosphate-binding site include K1 and R10 with
possible participation of K45 and P44. The hydroxyl groups of S2 and
Y13 form the glycerol-binding site, while evidence of glycerol binding
by R17 and Q22 is inconsistent. K1, R10, S2, Y13, and R17 are highly
conserved in the thionin family [10,18,22].
It was suggested that the toxicity of purothionins is based on the
formation of ion channels inmembranes. Electrophysiological measure-
ments suggested that purothionins form cation-selective ion channels in
artiﬁcial lipid bilayers and in the plasmalemma [11]. Addition of a
negatively charged phospholipid phosphatidylserine increased channel-
like activity. The two-dimensional infrared correlation spectroscopy
study of β-purothionin (βPTH) in the artiﬁcial membranes suggested
that interactions ofβPTHwith themembrane bilayer are consistentwith
formation of protein channels rather thanmembrane disruption [13,23].
On the other hand, ﬂuorescent probes, which are too large for
penetrating through ion channel pores,were released from lipid vesicles
in the presence of α-purothionin [24]. This result suggests destabiliza-
tion and disruption of the membrane that is consistent with the
fact that α-helices of thionins are too short to span the entire lipid
bilayer and to form ion channels. Another proposed model for
membrane permeabilizing activity of thionins is based on the ability of
the thionin from Pyrularia pubera (PpTH) to transfer negatively charged
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model, thionin binds to negatively charged phospholipids and then
withdraws phospholipids causing solubilization of the membrane.
A minimal motif in PpTH retaining antimicrobial activity consisted
of only the antiparallel double α-helix core [25]. Molecular dynamics
(MD) simulations of βPTH and αHTH revealed that a portion of
the thionin α-helix core, in particular, the C-end of the α2-helix
undergoes structural modulation that is governed by the hydrogen
bonding network involving R30 [26,27]. The R30 network is located at
the outer corner of the global Г fold and contains two basic residues
tightly bound to each other by two highly conserved disulﬁde bonds.
Interactions of anions with the R30 regulating network and the
phospholipid-binding site induce dynamic conformational changes on
the opposite ends of the α-helix core [28].
Could anion-induced structural changes in the α-helical core be
involved in membrane permeabilization by thionins? The MD simula-
tions showed that anion-induced conformational changes on the
opposite ends of the thionin α-helical core led to penetration of a
water molecule inside the unfolded α2 C-end [28]. Unfolding of the α2
C-end was observed for βPTH and αHTH in four MD simulations out of
six which were performed under three different conditions (Cl− anions,
Cl− anions with K+ cations, and Cl− anions withMg+2 cations) [26,27].
However, internalization of water was observed only in the αHTH MD
simulations without metal ions which are known to inhibit membrane
permeabilizing activity of thionins [11,15]. A transmembrane helical
bundle has been associated with formation of pores by cationic linear
peptides [29,30] and aquaporins [31]. In this work, we investigated
structural changes in αHTH upon internalization of a water molecule
inside the α-helical core. Our MD data indicate that thionin is a water
channel. Anion-induced unfolding of the α2 C-end opens an entrance
into a hydrophilic pore running through the α-helical core toward the
α1C-end. Basedonourﬁndingswepropose amechanism formembrane
permeabilization by αHTH and other thionins that explains both the
channel-like and the membrane disruptive properties of thionins.
2. Methods
2.1. MD simulations
The αHTH MD simulation described here is one of reported
previously six MD simulations of βPTH and αHTH, under different
conditions (Cl− anions, Cl− anionswith K+ cations, and Cl− anionswith
Mg+2 cations) [26,27]. The unconstrained MD simulations of αHTH
were performed in explicit water and analyzed previously (see αHTH
MD trajectory without metal ions in our previous manuscript [27]).
Instead of running long simulationswith a relatively large time step, we
performed high-precision computations using a small time step and a
computationally expensive water model to minimize accumulation of
computational error. While application of such a strategy is computa-
tionally too expensive for large proteins, computing a system consisting
of a peptide immersed into water is feasible. Brieﬂy, the initial αHTH
structure was obtained from the X-ray structure of barley β-hordothio-
ninwith a PDB entry code 1WUWby changing six residuesN27G, A28V,
G36S, L37S, S41T, and S42G using the AMBER-8 software package [32].
MD simulations were performed using the Peach 5.8 software package
[33], the Amber99 force ﬁeld library [34], and the ﬂexible, single point
charge (fSPC) water potential [35].
The choice of the computationally expensive fSPC water potential
was dictated by two reasons. First, simulation of a peptide capable of
permeating water though the membrane bilayer requires a good water
representation, and the fSPC water potential is one of the best water
potentials available for MD simulations that reproduces ﬂexibility of a
water molecule as well as other important water characteristics which
are not reproducible by rigid water potentials such as TIP3P and SPC/E
[36,37]. Second, our simulation box contained ten Cl− ions to neutralize
the positive change of αHTH. However, a water model can affectperformanceof ion forceﬁelds; especially it is true forhalide anions [38].
A Cl− anionhas the best forceﬁeld parameters amonghalide anions that
accurately reproduceCl−physical propertieswhenusing the fSPCwater
potential [38]. On the other hand, the presence of Cl− anions required to
use a sufﬁciently large simulation box to correctly represent boundary
conditions. Because of a relatively small size of αHTH with only 45
amino acids, the simulation box contained fewer than 17,000 atoms
after optimization of boundary conditions that in combination with
parallel computing allowed us to use the ﬂexible fSPC water potential
withoutmaking computingunfeasible. The simulation parameterswere
optimized to accommodate the presence of Cl− anions as previously
described [27]. Simulations were run with the multiple-time-scale
method (RESPA) with the time step scheme 4.0, 1.0, and 0.25 fs for
Δtshort, Δtmedium, and Δtlong, respectively. No bond length constraints
were applied in this study to reduce accumulation of computational
errors. Preceded by minimization and 1 ns-long equilibration of the
system, the production run was performed at 300 K for 5 ns. The Peach
5.8 code was run in parallel mode on Intel Xeon-based Linux cluster
SuperMike with Myrinet network.
Convergence of the MD trajectory, root mean square difference
(RMSD) for all heavy atoms, and backbone atoms, as well as root mean
square ﬂuctuation (RMSF), average solvent-accessible area, and
hydrogen bonds were reported previously [27]. In addition, two 10-ns
simulations were performed for αHTH to verify formation of a water
pore. The initial peptide coordinates were taken from two snapshots
with signiﬁcantly varying conformations from the published MD
simulation at 1600 and 1800 ps. The process of adding water and Cl−
anionswere repeated as previously, and all simulation parameterswere
kept the same. Both trajectories convergedwithin 600 ps. The produced
average structures, residue RMSD, and RMSFwere very similar to the 5-
ns-long trajectory published previously [27].
Secondary structures were determined with the DSSP program [39].
VMD [40] was used for visualization of trajectories. The α2 C-end
became predominantly unfolded after 4090 ps [28], 3750 ps, and
6040 ps in the 5-ns-long and two additional 10-ns-longMD trajectories,
correspondently. Water internalization inside the predominantly
unfolded α2 C-end occurred total of seven times in the three MD
trajectories. For example, a water molecule penetrated into the α-helix
corearound4500and4800 ps in the5-ns-long trajectory. Toanalyze the
pore proﬁle, each trajectory was divided into “folded” and “unfolded”
portions. For example, the 5-ns-long trajectory was divided into the
“folded” portion from 2000 to 4090 ps and the “unfolded” one from
4090 to 5000 ps. Average distances and RMSF values for the pore proﬁle
in the αHTH structure with the folded and unfolded α2 C-end were
calculated from the corresponding portions over the trajectories
produced from three independent simulation runs. Each data point
represents total of four hundred replicates from equally spaced
snapshots. The data were analyzed by one-way ANOVA with the least
signiﬁcant difference test and a 95% level of signiﬁcance and the Tukey's
Studentized Range (HSD) test.
To obtain a representative structure with internalized water, 100
equally spaced snapshots around 4500 and 4800 ps in the 5-ns-long
trajectory were averaged, and the snapshot with very similar structure
to the averaged one was used for analysis. To obtain an averaged
structure with the predominantly folded α2 C-end, 5 ps snapshots
were taken between 2000 and 4090 ps. Representative structures for
the 10-ns-long MD trajectories were obtained similarly. The represen-
tative structures were used to calculate electrostatic potential. The
electrostatic potential was calculated using the Adaptive Poisson-
Boltzmann Solver software package (http://mccammon.ucsd.edu/
apbs).
2.2. Molecular docking
Docking of ligands into the phospholipid-binding site of αHTH was
performed using AutoDock 4.0 (http://autodock.scripps.edu/). A
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ized water molecule inside the unfolded α2 C-end which was obtained
as described above was used for docking. All water molecules were
removed. Three to four residues of the phospholipid-binding site were
made ﬂexible during docking depending on the ligand.
A 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine molecule
(POPS) and its two smaller derivatives, a 1-caproyl-2-acethyl-sn-
glycero-3-phospho-L-serine molecule (PSF) and a 1,2-diacethyl-sn-
glycero-3-phosphatidic acid molecule (PA), were used for docking
(Fig. S2). Phospholipid molecules were constructed with the program
QUANTA (Accelrys, San Diego, CA) starting from a 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) structure from a VMD
pre-build POPC membrane patch (http://www.ks.uiuc.edu/Research/
vmd/plugins/ membrane/). The ﬁrst POPS derivative, PSF molecule
was constructed by shortening acyl chains in POPS. Use of PSF allowed
to reduce a size of a grid box and to introduce ﬂexible torsions in
the glycerol moiety without obstructing free rotation of the ligand.
PSF was further truncated to leave only two carbons per acyl chain
and to remove a serine moiety. This modiﬁcation produced a PA
molecule. Rotatable torsions used for each ligand are shown in Figure
S2. Only three bonds were allowed to rotate in POPS to balance the
introduced ﬂexibility and the size of the grid box. A reduced size of the
acyl chains in PSF allowed to render a considerable ﬂexibility to the
serine and glycerol moieties by making eight bonds rotatable.
Assignment of six rotatable bonds was sufﬁcient to render full
ﬂexibility in PA.
AutoTors in the Autodock tool kit (ADT) software program (http://
autodock.scripps.edu/ resources/adt) was used to deﬁne the torsional
degrees of freedom during the docking process. Ligands were docked
using the default Gasteiger charges [41] for both the ligands and
αHTH. One hundred Lamarckian GA (genetic algorithm) [42] runs
were calculated for each docking using clustering with a tolerance of
0.5, 1.5, and 2.0 Å rmsd. The number of energy evaluations for each
run was set to 2,500,000 for POPS and to the maximum 25,000,000 for
PSF and PA. A grid box for each ligand was centered on Y13-OH that
corresponds to the middle of the phospholipid-binding site, and a box
size was selected to allow free rotation of the ligand. All other
parameters were set by default. Docking results were clustered using
Autodock. The clusters with members which were hydrogen bonded
to the phospholipid-binding site were analyzed.Fig. 1. The representative αHTH structure with an internalized water molecule. (A–C) A pos
outer corner of the Γ fold while (B) the stem is hydrophobic. (D–G) The hydrophilic cavity a
residue individually to show the internalized water molecule in the cavity. (F) is same as (E) b
to show protrusion of the cavity into a pore. (G) is same as (E) but all residues lining the c3. Results and discussion
3.1. Internalization of water inside the unfolded C-end of the αHTH
α2-helix
Structural and dynamic changes associated with internalization of
water in the αHTH MD simulations were investigated. Four major
differences were found in αHTH carrying internalized water in the
unfolded α2 C-end as compared to that with the predominantly folded
α2 helix. First, the R30 hydrogen bonding network (G42-R5-R30-G27)
was switched to the unfolded state [26,27] with the R5 side chain
hydrogen bonded to G42 instead of G27. Second, the R19 side chain
rotated to face the α1/α2 hydrophobic region, and hydrogen bonding
interactions of the R19 guanido group with the backbone atoms of the
α1 C-end, L15 and C16, retained the R19 side chain betweenα1 andα2
helices. This change extended the α1/α2 hydrophobic region making
the peptide stem largely hydrophobic (Fig. 1A–C, S1). In contrast to the
hydrophobic stem, the arm and the inner and outer corners of the Γ fold
accumulated a positive electrostatic potential. Third, dynamic modula-
tion on the opposite ends of the α-helix core considerably increased,
especially at the α1 C-end. Representative dynamics of secondary
structure in the folded vs. unfolded state with internalized water are
shown in Fig. S3. Theα1 C-end became destabilized to undergo a series
of unfolding and extensions. Unfolding/extension ﬂuctuations prolifer-
ated rapid changes in hydrogen bonding interactions over ﬁve residues
at the α1 C-end. Fourth, two hydrophilic cavities were formed on the
opposite ends of the α-helix core.
The ﬁrst hydrophilic cavity was formed by the unfolded α2 C-end
(Fig. 1D–G). Distances between residues at theα2 C-end considerably
increased after unfolding, especially between G27-O and R30-N and
between A26-O and C31-N changing from 3.0 Å to 6.0 and 5.0 Å,
respectively (Fig. 2A). These residues lined the entrance into the
cavity. Seven independent events of water internalization inside the
α2 C-end cavity were detected when a water molecule penetrated
several times inside the cavity and remained cut off from bulk water
from 30 to 70 ps. An internalized water molecule formed up to four
hydrogen bonds with the residues of the cavity wall, in particular with
C31-O, C31-N, C29-N, and C25-O (Fig. 1D, E). The cavity was narrow,
and the water's oxygen was only 2 to 2.1 Å from amide hydrogens
lining the cavity wall (Fig. 1G).itive electrostatic potential is congregated on the arm and at (A) the inner and (C) the
t the unfolded α2 C-end with surface calculated for (D) the whole peptide and (E) each
ut all residues are colored white except for Y13 (orange), C16 (purple) and R17 (green)
avity wall are drawn as licorice. Water is shown in CPK representation.
Fig. 2. Pore proﬁle in αHTH with the α2 C-end in predominantly folded (white) and
unfolded (gray) states. (A) The proﬁle of the shortest distances between heavy atoms
lining the opposite walls of the pore. Results represent averages with standard deviations.
Asterisks were used when the folded-unfolded comparison was not signiﬁcant at the 5%
level of signiﬁcance. (B) RMSF of residues participating in formation of the pore and
cavities. The α2 C-end cavity and the α1 C-end cavity are labeled as Cavity1 and Cavity2,
correspondently.
Fig. 3. (A–C) A second hydrophilic cavity on the opposite end of the α-helix core at the
unfolded α1 C-end with the R19 side chain serving as a lid. (A, B) Surfaces are colored
corresponding to residue type to demonstrate hydrophobicity of the α-helix core
(stem) with hydrophobic (white), polar (green), and basic (blue) residues. (C) Same as
(B) but in tube representation and the selected residues shown as licorice. Water is
shown in CPK representation. (D–F) A pore penetrates the α-helix core starting in the
α2 C-end cavity (Cavity1) and ending in the α1 C-end cavity (Cavity2). (D, F) The pore
mouth and the pore end are aligned to demonstrate the opening. (E) The pore pathway
is indicated by a blue arrow. All backbone atoms and side chains lining the pore and the
cavities are shown as licorice.
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middle of the α1/α2 hydrophobic region (Figs. 1B, C, 3A–C). This cavity
formed several times upon internalization of water in the α2 C-end
cavity. Theα1C-endcavity formedbetween the residues of theα1C-end,
L15 and C16, and residues of the L1 loop, R17 through G20. The R19
guanido groupﬂuctuated between 3 and 6 Å away from L15-O serving as
a lid covering theα1C-end. TheRMSFvalues togetherwith the secondary
structure evolution indicated an increased mobility of residues forming
the α1 C-end cavity (Figs. 2B, S3). One or two water molecules were
internalized inside the cavity for 15 to 20 ps at the time. They formed
hydrogen bonds with the R19 guanido group, L15-O, and C16-O. Chains
consisting of four to ﬁve water molecules which were hydrogen bonded
to the above atoms were observed as well (Fig. 3C).
3.2. Formation of a water-permeable pore inside the α-helix core
Fig. 1F shows opening of theα2 C-end cavity into a narrow pore. The
α2 C-end cavity protruded into the middle of the α-helix core and
toward the α1 C-end forming a pore. The phenolic ring of Y13 lined a
portion of the wall in the middle of the pore. C16 and R17, which are
located on the opposite end of theα-helix core at theα1 C-end, could be
seen through thepore from theα2C-end cavity. Openingof theporewas
observed several times around 4500 and 4800 ps in the 5-ns-long MD
trajectory. Similar events were observed in the 10-ns-long trajectories.
The pore proﬁle consisted of three cavities (Figs. 2, 3D–F). The pore
mouth led into the narrow α2 C-end cavity. The latter opened into a
relatively spacious central cavity which was lined mostly by the
highly conserved residues, Y13 and six cysteines. The central cavityconnected to the dynamic α1 C-end cavity via the narrowest point in
the pore which was formed by the residues participating in the
phospholipid-binding site. The opposite ends of the pore are aligned
in Fig. 3E and F to demonstrate a pore penetrating the α-helix core.
The pore proﬁle contained three constriction sites, at the pore
mouth and between cavities (Fig. 2A). The constriction site at the pore
mouth opened upon unfolding of the α2 C-end. Distances between
heavy atoms of the residues on the opposite sides of the pore mouth
changes from 2–3 Å to 5–6 Å upon unfolding (between G27-O and
R30-N and between A26-O and C31-N). The second constriction site
was found between the α2 C-end cavity and the central cavity in the
plane formed by C25-O and the side chains of C29 and Y13. An
internalized water molecule was frequently found ﬂanked by C25-O
and C29-N inside the α2 C-end cavity in front of the constriction site
(Fig. 1G). The average distance between the latter atoms increased
to 3.9 Å after opening of the pore mouth. This narrow site was
nonetheless sufﬁcient to ﬁt in one water molecule. Fluctuating
motions of C25 which RMSF value was 0.4 Å (Fig. 2B) and mobility
of hydrogens of the pore walls were employed to accommodate a
water molecule. For example, the distance between C25-O and C29-N
in the structure snapshot shown in Fig. 1G increased to 4.17 Å while
the C29-N hydrogen was shifted aside. The fSPC water model used in
this study produced the average bond angle of 105.9±4.8° in bulk and
internalized water that is in agreement with an experimental value of
106° [36]. Variation of the water bond angle nearly 10° could aid in
shaping water to ﬁt into such a narrow site. Further movement of
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side chain.
The third constriction site, whichwas found in the plane formed by
backbone atoms of Y13, C16, and R17, separated the central cavity
from the α1 C-end cavity. Distances between Y13-O, C16-N, and R17-
N remained unchanged around 3 Å upon unfolding of the α2 C-end
and opening of the pore mouth (Fig. 2A). However, one side of the
pore wall at this site was formed by the R17 side chain which
displayed large ﬂuctuation motions (Fig. 2B). Moreover, the Y13 and
R17 side chains were shown to bind to a glycerol moiety [18,22]. A
bound phospholipid should pull the Y13 and the R17 side chain onto
itself and modulate the pore radius. We hypothesize that the C25/Y13
and the Y13/R17 constriction sites create two gates inside the pore
which open upon binding of αHTH to a phospholipid.
3.3. Docking POPS into the αHTH phospholipid-binding site
To verify binding of Y13 and R17 to a phospholipid, POPS was
docked into the αHTH phospholipid-binding site (Table 1). POPS was
selected because thionins were shown to preferentially bind to
phosphatidylserine [10,43]. POPS contains 32 rotatable bonds. Dock-
ing such a large and ﬂexible ligand is complicated by the possibility of
limited sampling due to current docking algorithms [44]. To overcome
this problem, POPSwas considerably restricted in ﬂexibility while two
POPS derivatives with reduced size, PSF and PA, were used to allow for
ﬂexibility in the phospholipid head (Fig. S2).
For POPS and PSF, convergence was achieved at clustering
tolerance of 2 Å due to a large size of these ligands. In both cases,
the lowest energy binding mode was found in the second-to-largest
cluster with all members docked into the phospholipid-binding site
(Table 1). Convergence for PA was reached at 1.5 Å, and docking
converged on the top-ranked cluster with the largest number of
members. Numerous binding modes with similar energies were
spread over the phospholipid-binding site indicating a relatively ﬂat
energy landscape for PA and therefore for the phosphatidyl moiety.
Despite that the POPSwas keptmainly rigid while PSF and PAwere
rendered ﬂexible, considerable similarity was found among the
lowest energy binding modes of all three docked ligands (Fig. S4).
Moreover, the phosphate- and the glycerol-binding sites obtained by
docking were very similar to those observed in the α1PTH crystal
structure [22]. The phosphate groups of all ligands were sandwiched
between the K1 amine and the R10 guanido groups while H-bonded
to the K1 amine. The glycerol moieties of all ligands were positioned
within 3 to 4 Å from the Y13 hydroxyl group as in the βPTH and
α1PTH crystal structures [18,22]. Interestingly, binding to the glycerol
moiety was overpowered by the serine moiety in POPS and PSF that is
consistent with preferential binding of thionins to phosphatidylser-
ine. In the case of PA which lacks the serine moiety, the glycerol
moiety of several members in the PA top-ranked cluster was
hydrogen-bonded to the R17 guanido group and Q22-Nε2. The R17Table 1
Relative energies and predicted H-bonded residues for the lowest energy mode of
dockings produced for ligands POPS and its derivatives with αHTH.
Ligand No. ligand
torsions/ﬂexible
residues
Cluster
occ.a
ΔGbind
(kcal mol−1)
H-bonded residues and
hydrophobic contactsb
for modes with the lowest
ΔGbind
Average Lowest
POPS 3 / K1, R17, Q22 15 1.83 1.07 K1-NZ, S2-O, K45-O, (G20),
(A21)
PSF 8 / K1, R17, Q22,
K45
6 −6.18 −7.25 K1-NZ, S2-O, R17-NH1,
K45-O
PA 6 / K1, R17, Q22 39 −6.84 −8.02 K1-NZ, K1-N, S2-N, S2-OH,
Y13-OH, R17-NH1/NH2
a Number of docked modes in the top-ranked relevant cluster e.g. the cluster with
members whose headgroup is hydrogen bonded to the phospholipid-binding site.
b Residues interacting hydrophobically with a ligand are shown in parenthesis.and Q22 side chains “locked” the PA glycerol moiety into the peptide
groove.
The POPS and PSF serine moiety formed the majority of hydrogen
bonds with αHTH (Fig. S4A, B). The serine moiety was threaded
underneath the K1 side chain, and the serine amine group was
hydrogen-bonded to S2-O and K45-Owhile the serine carbonyl oxygen
bonded to theK1 amine. Interestingly, one acyl chain in the POPS lowest
energy bindingmode as well as in themajority of members in the POPS
top-ranked cluster was ﬁtted into the groove between the R17 and Q22
side chains. This acyl chain interactedwith a hydrophobic interior of the
L1 loop (Fig. S4A).
Combined together docking of POPS and its derivatives demon-
strated that the Y13 and R17 side chains can form hydrogen bonds
with the phosphatidyl moiety. In addition to the phosphatidyl moiety,
the serinemoiety and one acyl chainwere ﬁtted into theαHTH groove
contributing hydrogen bonding and hydrophobic interactions, re-
spectively. Therefore, the docking results indicated that the entire
POPS headgroup and a portion of one acyl chain can become “locked”
into the thionin groove.3.4. αHTH presents a water channel
The presence of a water-permeable pore inside the αHTH α-
helical core suggests thatαHTH is a water-selective channel. The pore
properties are similar to that in aquaporins which contain ﬁlters with
high selectivity to water (see Section 3.2). The α2 C-end cavity at the
entrance is both positively charged and barely enough to ﬁt in one
water molecule as the aquaporin aromatic/arginine selectivity ﬁlter
which provides selection through charge and size exclusion [31].
Table 2 demonstrates that the average interaction energy between the
internalized water and the α2 C-end cavity is very similar to the
interaction energy between water and protein at the aquaporin
aromatic/arginine selectivity ﬁlter [45]. The electrostatic interaction
energy of −31.18 kcal mol−1 at the entrance into the αHTH pore
suggests that the α2 C-end cavity serves as a “water sink” attracting
water inside the pore. Several main chain carbonyls and amides point
inside the pore establishing a water-conducting pathway while three
disulﬁde bridges form a hydrophobic side of the channel. The Y13/R17
constriction site resembles the aquaporin NPA motif because it has
two highly oriented donors from C16-N and R17-N facing the center of
the channel, the Y13-O, and hydrophobic surface created by the R17
side chain carbons. These atoms should orient a water molecule
passing through this narrow site. Moreover, the tyrosine ring blocks
the pore between the α2 C-end cavity and the Y13/R17 constriction
site as a tyrosine between the aromatic/arginine selectivity ﬁlter and
the NPA motif in AQP0 [45]. Distances between these sites are similar
in αHTH and AQP0 as well.
TheαHTH pore has three constriction sites. The ﬁrst site is located at
the pore mouth formed by the α2 C-end. It was shown recently that
unfolding of the α2 C-end was induced by interactions of the R30Table 2
Interaction energies (Eint) between water and peptide inside the αHTH channel.
Properties (kcal mol−1) α2 C-end cavity α1 C-end cavity Ref a
Average Eint
Electrostatic −25.97 −14.29 −26
Van der Waals 2.25 1.86 3
Total −23.72 −12.43 −23
Lowest Eint
Electrostatic −31.18 −20.88 N/A
Van der Waals 4.89 1.15
Total −26.28 −19.73
a A water channel aquaporin 0 (AQP0) [45]. Eint are given for the aromatic/arginine
selectivity site.
Fig. 4. A scheme of αHTH as an integral membrane peptide. The basic zone of the
peptide is aligned to the “polar” zone of a bilayer leaﬂet. This alignment positions the
phosphate-binding site into the “polar” zone and the glycerol-binding site (GBS) into
the upper portion of the “hydrocarbon” zone of the leaﬂet. Positions of POPS moieties
obtained by docking match the corresponding moieties in the bilayer leaﬂet. Residues
shown as licorice outline the pore mouth and the end, and GBS with the phosphate-
binding site. The horizontal line runs through the middle of the pore mouth and GBS.
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anions [28]. In this study it was shown that anion-induced unfolding of
theα2 C-endopens theporemouth. The second site at the endof theα2
C-end cavity and the third one at the end of the central cavity, the C25/
Y13 and the Y13/R17constriction sites, respectively, present pore gates.
The conserved residues of the phospholipid-binding site participate in
forming both gates as shown in Section 3.2 and therefore may be
modulated upon binding to a phospholipid. However, the pore length is
~10 Å that is not sufﬁcient to span even one bilayer leaﬂet.
The answer to this puzzle is the overall organization of thionin. The
representative structure of αHTH with internalized water has a
wedge-like shape (Figs. 1A–C and 3A, B) which has been associated
with membrane permeabilizing activity of cationic amphipathic
peptides (for review see [46]). In the shown orientation, αHTH has
almost ﬂawless division on the upper positively charged region and
the lower hydrophobic region. The pore starts at the α2 C-end on the
border of the positively charged and hydrophobic regions and ends at
the α1 C-end at the bottom of the stem in a middle of the α1/α2
hydrophobic region. The mouth of the pore is horizontally aligned
with the Y13 hydroxyl which was shown previously to bind to theFig. 5. A scheme of interactions between αHTH and a bilayer leaﬂet. (A) A phospholipid mole
fold. The headgroup of the bound phospholipid is transparent to illustrate the phospholip
positioned at the interface between hydrophilic headgroups and hydrophobic acyl chains wh
themembrane bilayer. Selected residues are shown as licorice. The gray line represents a surf
and the glycerol-binding site.glycerol moiety [22]. At the glycerol-binding level, the peptide surface
is mainly hydrophobic except for the positively charged glycerol-
binding site. This level matches the membrane headgroup/hydrocar-
bon boundary which contains glycerol moieties and acyl chains
[47,48]. The αHTH orientation in Fig. S4A is very similar to those in
Figs. 1A–C and 3A, B, and orientation of the docked POPS points to the
orientation of αHTH in the membrane bilayer.
When theαHTHglycerol-bindingsite is alignedwith theheadgroup/
hydrocarbon boundary using the orientation from Fig. S4A, the αHTH
positively charged region and the hydrophobic region become inline
with the “polar” and “hydrocarbon” regions of a membrane leaﬂet,
respectively (Fig. 4). According to this alignment, the end of the αHTH
hydrophobic stem harboring the α1 C-end cavity inserts ~12 Å into the
membrane hydrocarbon region, only ~3 Å short of reaching the bilayer
center. Therefore, αHTH inserts into one bilayer leaﬂet, and the water-
permeable pore starts at the hydrophilic/hydrophobic boundary and
ends at the bilayer center. Theα1 C-end cavity is positioned underneath
the peptide and in the middle of the void created by the wedge-like
peptide shape.3.5. Mechanism of membrane permeabilizing activity
The structural and dynamic properties elucidated in this work and
previously [26,27] combinedwith the crystallographic data [10,18,22]
and electrophysiology [11,49] offer details which form a logical
mechanism for membrane permeabilization with thionins. The
proposed mechanism (Fig. 5) has two main components: 1) insertion
of a monomer into the outer leaﬂet and anchoring via binding of the
phospholipid-binding site to a phospholipid and 2) opening of the
water-selective pore which delivers water through theα-helix core to
the bilayer center that leads to local membrane disruption.
After insertion, a thionin monomer spans one leaﬂet of the
membrane bilayer. The α-helices are tilted at ~60° relative to the
bilayer normal. The inner and the outer corner of the Γ and partially
the arm, which are rich in positively charged residues, insert between
phosphatidyl moieties of phospholipids. The hydrophobic stem
inserts into the bilayer hydrophobic core acting as a wedge to
introduce disorder and reduce density of acyl chains underneath the
peptide. The α1/α2 hydrophobic region at the bottom of the stem
penetrates ~22 Å deep into the leaﬂet.
The phospholipid-binding site strongly binds one phospholipid
(Fig. 5A). The K1 side chain clamps the phosphate group to the R10
guanido group, and Y13, Q22, and R17 bind to the glycerol moiety. A
portion of one acyl chain is ﬁt into the hydrophobic interior of the L1
loop (Fig. S4A). In the case of POPS, the serine moiety also inserts into
the peptide groove forming hydrogen bonds with K1, S2, and K45.
Such a tight binding anchors the peptide inside themembrane bilayer.cule is bound to the phospholipid-binding site in the groove at the inner corner of the Γ
id-binding site. (B) On the opposite side, the pore mouth at the unfolded α2 C-end is
ile the stem consisting of the α1 and α2 helices is inserted into the hydrophobic core of
ace of themembrane bilayer. The dotted line runs through themiddle of the poremouth
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residues at the α2 C-end constitute the pore mouth. The α2 C-end
unfolds upon interactions of the R30 hydrogen bonding network with
negatively charged phosphate groups [26,28] opening the pore mouth.
The latter leads into the α2 C-end cavity. The pore mouth is inserted at
the headgroup/hydrocarbon boundary of the leaﬂet (Fig. 5B). The
second and the third constriction sites form pore gates which involve
residues of the phospholipid-binding site. Both the C25/Y13 and the
Y13/R17 gate open upon binding of the Y13 and R17 side chains to a
glycerol moiety. The α2 C-end cavity and the Y13/R17 site create
selectivity ﬁlters for water similar to that of aquaporins.
The channel ends in the middle of the α1/α2 hydrophobic region
near the bilayer center. The pore ends in the hydrophilic cavity formed
by the α1 C-end and the R19 guanido group (Fig. 3A–C). The
orientation of the peptide in the leaﬂet is secured by the bound
phospholipid, and the wedge-like shape of αHTH decreases confor-
mational order of the surrounding acyl chains and creates a void
underneath the peptide. This void allows for ﬂexibility of the R19 side
chain and accumulation of water in the α1 C-end cavity hidden from
surrounding acyl chains. Water molecules interact with the C16 and
L15 backbone atoms and the R19 guanido group after penetrating
through the pore (Fig. 3C).
When water molecules become crowded inside the α1 C-end
cavity, they push onto the R19 side chain and eventually become
exposed to the surrounding acyl chains starting a chain reaction of
repulsive interactions. The acyl chain of the phospholipid bound in the
phospholipid-binding site contacts water among the ﬁrst. Therefore,
repulsive interactions affect conformations not only of R19, but also
R17. It was demonstrated previously that simultaneous perturbations
of the R19 and R17 side chains trigger conformational perturbations in
the entire α1C-end [28]. Consequently, all residues lining the α1 C-
end cavity undergo conformational transitions (Fig. S3), and more
water molecules become exposed to the acyl chains escalating
repulsive interactions. Water is then expelled from the bilayer center
due to random motions of phospholipids driven by repulsive
interactions. Random motions of the acyl chains generate water
defects that explain variable leakage [50]. Next, watermolecules again
penetrate through the channel, and the local bilayer disruption
repeats. Therefore, no water channel spanning the entiremembrane is
formed, but the αHTH water channel delivers water into the bilayer
center.
3.6. The proposed mechanism is in agreement with the published
experimental data
Speciﬁcally, the proposed orientation of αHTH in the membrane
bilayer enables both electrostatic and hydrophobic interactions which
were demonstrated for PpTH and βPTH [13,23,51]; incorporates the
phosphate- and the glycerol-binding site found in the X-ray structures
of βPTH and α1-purothionin [18,22] and insertion of a thionin
monomer into the membrane [10,23]; and explains an increased
conformational disorder of the lipid acyl chains observed in the
DMPG–βPTH complex [23]. The peptide acts like a wedge with the
wide part inserted between the headgroups and tapered to the end of
the stem almost reaching the bilayer center. Peptides with wedge-like
shape were shown to affect acyl chain packing and to create a void in
the membrane hydrophobic core underneath peptides (for a review
see [46]). Moreover, this mechanism explains both channel [11,13,23]
and membrane disruptive activity of thionins [15,16,24].
The phosphate- and the glycerol-binding site obtained by docking
POPS and its derivatives into the αHTH snapshot structure were very
similar to those observed in the α1PTH crystal structure [22]. In
particular, the phosphate group was hydrogen bound to the K1 amine
and in close proximity to R10, and the glycerol moiety interacted with
the Y13, R17, and Q22 side chains. Our docking results suggest that the
upper half of POPSbecomes almost engulfedby thepeptide andpartiallyseparated from other phospholipids in the membrane bilayer. Such a
strong binding is consistent with observed experimentally withdrawal
of phosphatidylserine molecules by βPTH into the aqueous phase from
the organic phase [10].
The α-helix core plays a major role in the proposed mechanism as
it forms the water permeable pore. Notably, the minimal motif with
antimicrobial activity, which was determined by structural dissection
of PpTH, consisted of the α-helix core [25]. The two-dimensional
infrared correlation spectroscopy demonstrated that arginines be-
came more accessible to deuteration in the DMPG–βPTH complex
suggesting involvement of arginines in formation of a hydrophilic
pore [13]. Puro- and hordothionins contain four arginines. Three out
of four arginines, R17, R19, and R30, line the pore walls as shown in
this work. Y13, which also belongs to the α-helix core, plays a critical
role in membrane permeabilizing activity [52]. Accordingly, Y13
participates in binding of the glycerol moiety and opening of two
gates inside the αHTH channel in the proposed mechanism.
Finally, the proposedmechanism explains seemingly controversial
experimental data. Electrophysiological measurements demonstrated
that purothionins form ion channels in artiﬁcial bilayers and biological
membranes [11,49]. Single low conductance cation channels showed
no selectivity between Na+ and K+ cations. Single high-conductance
anion selective openings were detected simultaneously with the low-
conductance openings [49]. On the other hand, thionins inserted into
the membrane bilayer in a monomeric form which was too short to
span the entire lipid bilayer and therefore cannot form an ion channel
[10,23]. Fluorescent probes that were too large to penetrate ion
channels were released from lipid vesicles in the presence of a
purothionin [15,16,24]. These facts suggest that thionins destabilize
and disrupt the membrane bilayer.
The proposed mechanism incorporates periodicity in permeabiliza-
tion characteristic for ion channels and local membrane disruption
causing leakage of ﬂuorescent probes. Because water accumulating in
theα1 C-end cavity is shielded from surrounding acyl chains, exposure
to acyl chainsoccurs periodically afterwater becomes crowded. Because
the channel ends at thebilayer center, exposure of accumulatedwater to
the acyl chains triggers strong repulsive interactions causing local
disruption of the membrane bilayer.
For this mechanism to function, several water molecules should
accumulate at the end of the channel. In the proposed orientation, the
α1 C-end cavity at the end of the channel is positioned in the void
underneath the peptide. The void is created by the wedge-like shape of
αHTH, distribution of charged and hydrophobic residues on the peptide
surface, and the phospholipid-binding site anchoring the peptide in the
appropriate orientation and controlling depth of insertion. This void
enables accumulation of water without contacting acyl chains. Our MD
simulations showed that theR19 side chain is veryﬂexible and can serve
as a lid shielding accumulating water molecules from the acyl chains of
theopposite leaﬂet [28]. In addition, the arginineguanido groupexhibits
essential properties servicing the above task. On one side it is highly
water soluble, and on another side, it can form a lipophilic ion pair
soluble in a non-polar lipid bilayer (for a review see [53]). Lipophilic ion
pairs were shown to form between guanido groups and anionic groups
through bidentate hydrogen bonds. Hydrogen bonding to water
oxygens or carbonyl oxygens of L15 and C16 can produce the same
effect in the R19 guanido group surrounded by acyl chains to render the
stem soluble in the hydrophobic core.
The pore mouth is positioned at the headgroup/hydrocarbon
boundary of a leaﬂet where water density is considerably reduced.
The a2 C-end cavity serves as a “water sink” pulling water into the
channel because interactions inside the cavity aremuchmore favorable
than at the headgroup/hydrocarbon boundary (Table 2, [47,54]). Water
is pulled further into the channel byR17andR19whichare buried in the
hydrocarbon zone. After water molecules penetrate into the α1 C-end
cavity, the next step is to bring accumulatedwater into contact with the
hydrophobic acyl chains.
1744 S.V. Oard / Biochimica et Biophysica Acta 1808 (2011) 1737–1745When penetrated water molecules become crowded, they push
the R19 side chain onto the acyl chains of the inner leaﬂet. Eventually,
a water molecule hydrogen-bonded to the R19 guanido group is
pushed close to an acyl chain starting a chain reaction. The resulting
repulsive interactions perturb the R19 conformation. Because the R19
serves as a lid covering accumulated water, more water molecules
contact the acyl chains escalating repulsive interactions. The acyl
chains of the phospholipid bound in the phospholipid-binding site are
positioned next to the α1 C-end cavity and become affected next.
Consequently, perturbations are passed to the R17 side chain which is
hydrogen-bonded to that phospholipid. Thus, both the Arg19 and the
Arg17 side chain become perturbed. The MD simulations revealed
that simultaneous perturbations of the R19 and R17 side chains
trigger considerable structural modulation of ﬁve residues constitut-
ing walls of the α1 C-end cavity [28]. Induced large conformational
perturbations expose water molecules accumulated inside the α1 C-
end cavity to the acyl chains.
Because lipids in a ﬂuid bilayer are highly dynamic, one can
anticipate large movements of surrounding lipids in an effort to
escape unfavorable interactions after water is exposed at the bilayer
center. Several lipids immediately under the peptide come into close
contact with water molecules. These lipids undergo the largest
repulsive interactions promoting lipid movement and transient
membrane defects. Effects of transient water defects on lipid behavior
in the bilayer were recently elucidated using MD simulations [50].
After water is expelled, new water molecules penetrate through
the channel until water becomes crowded at the α1 C-end cavity and
triggers repulsive interactions. These discontinuous instances of local
membrane disruption explain the channel-like activity of thionins
which was observed at relatively low concentrations of thionin
[11,49]. The proposed mechanism also explains membrane disinte-
gration. When thionins bind in a close proximity to each other, local
membrane disruptions from individual peptides can merge. Merging
of local disruptions at sufﬁciently large concentrations of thionin leads
to membrane disintegration.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.02.003.
Acknowledgments
Thanks to Dr. Mihaly Mezei, Department of Structural and
Chemical Biology, Mount Sinai School of Medicine, NYU for helping
to analyze docking results. Thanks also to Dr. Peter Butko, Dept. of
Pharmaceutical Sciences, University of Maryland at Baltimore for
reading the manuscript draft and providing helpful insights. Simula-
tions were performed at the LSU's Center for Applied Information
Technology and Learning (CAPITAL) and Biological Computation and
Visualization Center (BCVC). This work was supported by the
Louisiana State University AgCenter Experiment Station.
References
[1] R. Hancock, R. Lehrer, Cationic peptides: a new source of antibiotics, Trends
Biotech. 16 (1998) 82–88.
[2] M. Dathe, T. Wieprecht, Structural features of helical antimicrobial peptides: their
potential to modulate activity onmodel membranes and biological cells, Biochem.
Biophys. Acta 1462 (1999) 71–87.
[3] A. Aerts, I. François, B. Cammue, K. Thevissen, The mode of antifungal action of
plant, insect and human defensins, Cell. Mol. Life Sci. 65 (2008) 2069–2079.
[4] B. Bechinger, Structure and function of lytic peptides, Crit. Rev. Plant Sci. 23
(2004) 271–292.
[5] M. Zasloff, Antimicrobial peptides of multicellular organisms, Nature 415 (2002)
389–395.
[6] M. Zasloff, Magainins, a class of antimicrobial peptides from Xenopus skin:
isolation, characterization of two active forms, and partial cDNA sequence of a
precursor, Proc. Natl Acad. Sci. USA 84 (1987) 5449–5453.
[7] W. Powell, C. Catranis, C. Maynard, Synthetic antimicrobial peptide design, MPMI
8 (1995) 792–794.
[8] D. Florack, W. Stiekema, Thionins: properties, possible biological roles and
mechanisms of action, Plant Mol. Biol. 26 (1994) 25–37.[9] F. García-Olmedo, P. Rodriguez-Palenzuela, C. Hernandez-Lucas, F. Ponz, C.
Maraña, M. Carmona, J. Lopez-Fando, J. Fernandez, P. Carbonero, The thionins: a
protein family that includes purothionins, viscotoxins and crambins, Oxf. Surv.
Plant Mol. Cell Biol. Oxf. Surv. Plant Mol. Cell Biol. 6 (1989) 31–60.
[10] B. Stec, O. Markman, U. Rao, G. Heffron, S. Henderson, L.P. Vernon, V. Brumfeld, M.M.
Teeter, Proposal for molecular mechanism of thionins deduced from physicochem-
ical studies of plant toxins, J. Pep. Res. 64 (2004) 210–224.
[11] P. Hughes, E. Dennis,M.Whitecross, D. Llewellyn, P. Gage, The cytotoxic plantprotein,
b-purothionin, forms ion channels in lipid membranes, J. Biol. Chem. 275 (2000)
823–927.
[12] T. Niidome, S. Anzai, Effect of amino acid substitution in amphiphilic a-helical peptides
on peptide-phospholipid membrane interaction, J. Pep. Sci. 5 (1999) 298–305.
[13] J. Richard, I. Kelly, D. Marion, M. Auger, M. Pézolet, Structure of beta-purothionin
in membranes: a two-dimensional infrared correlation spectroscopy study,
Biochemistry 44 (2005) 52–61.
[14] B. Bechinger, A dynamic view of peptides and proteins in membranes, Cell. Mol.
Life Sci. 65 (2008) 3028–3039.
[15] K. Thevissen, F. Terras, W.F. Broekaert, Permeability of fungal membranes by plant
defensins inhibits fungal growth, Appl. Env. Microbiol. 63 (1999) 5451–5458.
[16] S. Oard, M.C. Rush, J.H. Oard, Characterization of antimicrobial peptides against a
US strain of the rice pathogen Rhizoctonia solani, J. Appl. Microbiol. 97 (2004)
169–180.
[17] S. Oard, F. Enright, Expression of the antimicrobial peptides in plants to control
phytopathogenic bacteria and fungi, Plan Cell Rep. 25 (2006) 561–572.
[18] B. Stec, U. Rao, M.M. Teeter, Reﬁnement of purothionins reveals solute particles
important for lattice formation and toxicity. Part 2: structure of beta-purothionin
at 1.7 angstroms resolution, Acta Crystallogr Sect. D 51 (1995) 914–924.
[19] F. Ponz, J. Paz-Ares, C. Hernandez-Lucas, F. Garcia-Olmedo, P. Carbonero, Cloning
and nucleotide sequence of a cDNA encoding the precursor of the barley toxin
alpha-hordothionin, Eur. J. Biochem. 156 (1986) 131–135.
[20] B. Stec, Plant thionins—the structural perspective, Cell. Mol. Life Sci. 63 (2006)
1370–1385.
[21] J. Sels, J. Mathys, B. De Coninck, B. Cammue, M. De Bolle, Plant pathogenesis-
related (PR) proteins: a focus on PR peptides, Plant Physiol. Biochem. 46 (2008)
941–950.
[22] U.Rao, B. Stec,M. Teeter, Reﬁnementofpurothionins reveals soluteparticles important
for latice formation and toxicity. 1. a1-purothionin revisited, Acta Crystallog. Sect. D
D51 (1995) 904–913.
[23] J.-A. Richard, I. Kelly, D. Marion, M. Pezolet, M. Auger, Interaction between β-
purothionin and dimyristoylphosphatidylglycerol: A 31P-NMR and infrared
spectroscopic study, Biophys. J. 83 (2002) 2074–2083.
[24] J. Caaveiro, A.Molina, P. Rodriguez-Palenzuela, F. Goni, J. Gonzalez-Manas, Interaction
of wheat {alpha}-thionin with large unilamellar vesicles, Protein Sci. 7 (1998)
2567–2577.
[25] M. Vila-Perello, A. Sanchez-Vallet, F. Garcia-Olmedo, A. Molina, D. Andreu,
Structural dissection of a highly knotted peptide reveals minimal motif with
antimicrobial activity, J. Biol. Chem. 280 (2005) 1661–1668.
[26] S. Oard, B. Karki, Mechanism of ß-purothionin antimicrobial peptide inhibition by
metal ions: molecular dynamics simulation study, Biophys. Chem. 121 (2006)
30–43.
[27] S. Oard, B. Karki, F. Enright, Is there a difference in metal ion-based inhibition
between members of thionin family: molecular dynamics simulation study,
Biophys. Chem. 130 (2007) 65–75.
[28] S. Oard, F. Enright, B. Li, Structural changes induced in thionins by chloride anions
as determined by molecular dynamics simulations, Biophys. Chem. 147 (2010)
42–52.
[29] K. Matsuzaki, O. Murase, N. Fujii, K. Miyajima, An antimicrobial peptide, magainin
2, induced rapid ﬂip-ﬂop of phospholipids coupled with pore formation and
peptide translocation, Biochemistry 35 (1996) 11361–11368.
[30] L. Yang, T. Harroun, T. Weiss, L. Ding, H. Huang, Barrel-stave model or toroidal
model? A case study on melittin pores, Biophys. J. 81 (2001) 1475–1485.
[31] D. Gomes, A. Agasse, P. Thiébaud, S. Delrot, H. Gerós, F. Chaumont, Aquaporins are
multifunctional water and solute transporters highly divergent in living
organisms, Biochim. Biophys. Acta 1788 (2009) 1213–1228.
[32] D.A. Pearlman, D.A. Case, J.W. Caldwell, W.R. Ross, I.T.E. Cheatham, S. DeBolt, D.
Ferguson, G. Seibel, P.A. Kollman, AMBER, a computer program for applying
molecular mechanics, normal mode analysis, molecular dynamics and free energy
calculations to elucidate the structures and energies of molecules, Comp. Phys.
Commun. 91 (1995) 1–41.
[33] T.Nemoto,M.Uebayasi, Y. Komeiji, Flexibility of a loop in a pheromonebinding protein
from Bombyxmori: amolecular dynamics simulation, ChemBio Info. J. 2 (2002) 32–37.
[34] J. Wang, P. Cieplak, P.A. Kollman, How well does a restrained electrostatic
potential (RESP) model perform in calculating conformational energies of organic
and biological molecules? J. Comput. Chem. 21 (2000) 1049–1074.
[35] L.X. Dang, B.M. Pettitt, Simple intramolecular model potentials for water, J. Phys.
Chem. 91 (1987) 3349–3354.
[36] Y. Wu, H.L. Tepper, G.A. Voth, Flexible simple point-charge water model with
improved liquid-state properties, J. Chem. Phys. 124 (2006) 024503.
[37] G. Raabe, R.J. Sadus, Inﬂuence of bond ﬂexibility on the vapor–liquid phase
equilibria of water, J. Chem. Phys. 126 (2007) 044701.
[38] I. Joung, T.E. Cheatham 3rd, Molecular dynamics simulations of the dynamic and
energetic properties of alkali and halide ions using water-model-speciﬁc ion
parameters, J. Phys. Chem. B 113 (2009) 13279–13290.
[39] W. Kabsch, C. Sander, Dictionary of protein secondary structure: pattern
recognition of hydrogen-bonded and geometrical features, Biopolymers 22 (1983)
2577–2637.
1745S.V. Oard / Biochimica et Biophysica Acta 1808 (2011) 1737–1745[40] W. Humphrey, A. Dalke, K. Schulten, VMD: visual molecular dynamics, J. Mol.
Graph. 14 (1996) 33–38.
[41] J. Gasteiger, M. Marsili, Iterative partial equalization of orbital electronegativity—a
rapid access to atomic charges, Tetrahedron 36 (1980) 3219–3288.
[42] R. Huey, G. Morris, A. Olson, D. Goodsell, A semiempirical free energy force ﬁeld
with charge-based desolvation, J. Comput. Chem. 28 (2007) 1145–1152.
[43] F. Wang, G. Naisbitt, L. Vernon, M. Glaser, Pyrularia thionin binding to and the role
of tryptophan-8 in the enhancement of phosphatidylserine domains in erythro-
cyte membranes, Biochemistry 32 (1993) 12283–12289.
[44] S. Sousa, P. Fernandes, M. Ramos, Protein–ligand docking: current status and
future challenges, Proteins 65 (2006) 15–26.
[45] H. Qiu, S. Ma, R. Shen, W. Guo, Dynamic and energetic mechanisms for the
distinct permeation rate in AQP1 and AQP0, Biochim. Biophys. Acta 1798 (2010)
318–326.
[46] B. Bechinger, K. Lohner, Detergent-like actions of linear amphipathic cationic
antimicrobial peptides, Biochim. Biophys. Acta 1758 (2006) 1529–1539.
[47] M. Wiener, S. White, Structure of a ﬂuid dioleoylphosphatidylcholine bilayer
determined by joint reﬁnement of x-ray and neutron diffraction data. III.
Complete structure, Biophys. J. 61 (1992) 434–447.[48] A. Chattopadhyay, E. London, Parallax method for direct measurement of
membrane penetration depth utilizing ﬂuorescence quenching by spin-labeled
phospholipids, Biochemistry 26 (1987) 39–45.
[49] P. Llanos, M. Henriquez, J. Minic, K. Elmorjani, D. Marion, G. Riquelme, J. Molgó, E.
Benoit, Puroindoline-a and a1-purothionin form ion channels in giant liposomes
but exert different toxic actions on murine cells, FEBS J. 273 (2006) 1710–1722.
[50] A. Gurtovenko, O. Onike, J. Anwar, Chemically induced phospholipid translocation
across biological membranes, Langmuir 24 (2008) 9656–9660.
[51] W. Huang, L.P. Vernon, L.D. Hansen, J.D. Bell, Interactions of thionin from Pyrularia
pubera with dipalmitoylphosphatidylglycerol large unilamellar vesicles, Bio-
chemistry 36 (1997) 2860–2866.
[52] W. Fracki, D. Li, N. Owen, C. Perry, G. Naisbitt, L. Vernon, Role of Tyr and Trp in
membrane responses of Pyrularia thionin determined by optical and NMR spectra
following Tyr iodination and Trp modiﬁcation, Toxicon 30 (1992) 1427–1440.
[53] J. Rothbard, T. Jessop, P. Wender, Adaptive translocation: the role of hydrogen
bonding and membrane potential in the uptake of guanidinium-rich transporters
into cells, Adv. Drug Deliv. Rev. 57 (2005) 495–504.
[54] J.-H. Lin, N.A. Baker, J.A. Mc-Cammon, Bridging implicit and explicit solvent
approaches for membrane electrostatics, Biophys. J. 83 (2002) 1374–1379.
